.

ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Insight into the adsorption mechanisms of
methylene blue and chromium(ii) from aqueous
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In this study, the biosorption mechanisms of methylene blue (MB) and Cr(i) onto pomelo peel collected
from our local fruits are investigated by combining experimental analysis with ab initio simulations.
Factors that affect the adsorption such as pH, adsorption time, adsorbent dosage and initial adsorbate
concentration, are fully considered. Five isotherm models—Langmuir, Freundlich, Sips, Temkin, and
Dubinin—Radushkevich—are employed to estimate the capacity of pomelo peel adsorption, whereas four
kinetic models—pseudo-first-order, pseudo-second-order, Elovich and intra-diffusion models—are also
used to investigate the mechanisms of the uptake of MB and Cr(i) onto the pomelo fruit peel. The
maximum biosorption capacities calculated from the Langmuir models for MB and Cr(n) at 303 K are,

2185 m 1 and 11.3 m ~1 respectively. In particular, by combining, for the first time, the
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Accepted 6th August 2019 experimental FT-IR spectra with those obtained from ab initio calculations, we are able to demonstrate

that the primary adsorption mechanisms of the uptake of MB onto pomelo fruit peel are electrostatic
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1. Introduction

Environmental pollution has become a challenging problem in the
lives of humans and other creatures in developing nations and
some other regions in the world." Currently, government sectors in
developing nations and other geographic regions are facing envi-
ronmental problems, especially the release of organic compounds
and heavy metal pollution from plating and textile dyeing indus-
tries, that lead to human health problems. Among the chemicals
exhausted from these factories, methylene blue (MB) is responsible
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attraction and hydrogen-bond formations,

whereas the adsorption mechanisms for Cr(n) are

electrostatic attraction and n—d interactions.

for fast heart rate, vomiting (spitting), shock, Heinz body formation,
cyanosis, jaundice (icterus), quadriplegia and tissue necrosis in
humans,® whereas chromium compounds cause nausea, diar-
rhoea, liver failure, dermatitis (eczema), internal haemorrhage
(bleeding) and respiratory troubles.”” Various chemical and phys-
ical methods have been employed to remove the MB and chromium
compounds from aqueous solution, such as solvent extraction,®
adsorption,'®™ coagulation,"*'® membrane separation,”® ion
exchange,* electrodeposition,” and reverse osmosis.” It is well-
known that, adsorption is a promising method to remove these
compounds from waste water since this method has high enrich-
ment efficiency and can be easily used to separate the phases.”?>*

In recent years, the use of agricultural waste as a biosorbent to
remove MB and Cr(m) has been widely applied. The reason is that
biosorbent has many significant advantages such as simple imple-
mentation, very low cost, no or minimal use of chemicals and high
efficiency, as compared to other materials. Several biosorbents have
been used to treat MB and Cr(m) in waste solution such as oak
banana peels,"* sawdust,” lawn grass,”® de-oiled algae,” mango
leaves,* corn cobs, sunflower® and grapefruit.*

Pomelo, or Citrus maxima, has been popularly planted in Dong
Nai Province, Vietham. Among the tropical fruits, pomelo is known
as one of special fruits with a thick peel and a large amount of
pomelo peel waste is generated every year. Although pomelo has
been widely used in food industry and pharmacy, its usages as well
as products made from its peel as a biosorbent to remove toxic
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organic compounds and heavy metals from waste water have still
been insignificant.**** However, the adequate insights into the
adsorption mechanisms using the pomelo peel have been lacked so
far.~*° In addition, despite of the fact that the Fourier-transform
infrared spectroscopy (FTIR) plays a crucial role in studying the
adsorption characteristics of pomelo fruit peel,*** this method was
unable to provide an accurate analysis for the interaction of adsor-
bates with lignin, cellulose, and pectin in pomelo fruit peel.
Recently, the computer simulation using the ab initio modelling has
been extensively applied to simulate the IR spectra of adsorbents,
based on which one can exactly understand the relationships
between the internal interactions and the shifts inside the experi-
mental FT-IR spectra.*** It is therefore our hope that by combing
the FT-IR measurement with the ab initio simulation, we will be, for
the first time, able to deeply understand the adsorption mecha-
nisms of removing MB and Cr(m) from wastewater solution using
pomelo fruit peel. This is the goal of the present study.

2. Materials and methods

2.1. Chemicals

MB (C,;6H;5CIN;S), which was used as an adsorbate in the present
study, was prepared by dissolving the methylene blue (solid phase)
in double-distilled water. The chemical structure and UV-Vis
absorption spectrum of MB in the solution are shown in Fig. 1.
Four characteristic peaks (246, 292, 613 and 664 nm) of MB are
observed and they are similar to those reported previously.*

Another adsorbate, Cr(u) (Cr(NO;);) ions, was prepared by
dissolving Cr(m) (1000 mg L™ ") in double-distilled water.

All the chemicals, which are purchased from Merck, are in
the analytical grade.

2.2. Preparation of biosorbent

Pomelo fruit peel, which was collected from Dong Nai province,
Vietnam, was cleaned in double-distilled water and then dried
at 80 °C in 24 hours. In the next step, the product was crushed to
pieces of approximately 0.5-1 mm each and washed 2-3 times
with double-distilled water prior to be dried in the oven.
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Fig. 1 UV-Vis absorption spectra of the MB solution.
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2.3. Characterisation of biosorbent

The Ultra-high resolution scanning electron microscopy S-
4800 (Hitachi) and Energy-dispersive X-ray Spectroscopy
(JSM-6490LA) have been used to investigate the surface
properties and elemental composition of pomelo fruit
peels, whereas the Spectrum GX-FTIR (PerkinElmer, USA)
has been applied to record their IR spectra before and after
the adsorption over the wave-number range from 4000 to
400 cm .

The pH at the potential of zero-point charge (pHpzc),
which describes the condition when the electrical charge
density on a surface becomes zero, is an important instru-
ment. In the present work, the pHpyc of the materials was
determined by using the salt addition method.** Here, 0.2 g
of each pomelo fruit peel is placed in ten 100 mL plastic
beakers including 50.0 mL of 0.1 M KNOj;. The pH values are
adjusted using a pH-meter (MARTINI Instruments Mi-150,
Romania) from 2 to 11 (£0.1) with 0.1 M HNO; or 0.1 M
NaOH as required in each beaker. The prepared solutions
are then shaken for 24 h until the equilibrium is reached.
After that, each solution containing the typical pH is
measured. By plotting the initial pH (pH,) versus the
difference between the initial and final pH values (ApH), the
PHpzc is chosen at the point where pH = 0.

The UV-Vis spectrum of MB was determined by using
a spectrophotometer (Jasco-V630) with a measurement
range from 800 to 200 nm and a data interval of 0.1 nm.

2.4. Batch adsorption experiments

In this work, the batch technique was utilised to investigate the
uptake of MB and Cr(m) from aqueous solution onto pomelo
fruit peel. Initially, we placed 0.2 g of the material into a 100 mL
conical flask with 50 mL MB or Cr(u). The influence of pH on
the solution (within a range of 2-11 for MB and 2-6 for Cr(i)),
adsorption time (from 5 min to 240 min), and ionic strength
was examined by varying the KCI concentration from 0 to 0.5 M,
and initial concentrations of MB (from 5 to 1000 mg L™ ') and
Cr(m) (from 5 to 50 mg L™"). Each experiment was conducted
with three replications. Next, the concentrations of MB and
Cr(m) in the filtrate before and after the adsorption were
measured using the UV-Vis and atomic absorption (AAS) spec-
trophotometers, respectively. For every 10 samples, the cali-
bration, verification and standardisation were continuously
applied during the measurement.

To calculate the percentage of removal (% removal) and
adsorption capacity (g.), we have used the following mass-
balance equations

o L 1 "
% removal = w,

CO 0

and

(Co—C)V

de = 7}” s [Z)

where C, (mg L") is the initial concentration, whereas C. (mg
L") is the concentration at the equilibrium.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Plot of the point of zero charge of pomelo fruit peel.

2.5. Adsorption isotherm

In order to describe the interactions between the adsorbate
molecules and biosorbent surface as well as their distribution
between the liquid and solid phases in an equilibrium state,
many different well-known models with two or three fitting
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Fig. 3 UV-Vis spectra of MB after the uptake at different pH values (a)
and effects of pH on the adsorption of MB and Cr(i) onto pomelo fruit
peel (b).
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parameters can be used. In the present study, five models
including Langmuir, Freundlich, Sips, Temkin and Dubinin-
Radushkevich were chosen.

2.5.1. Two-parameter models. The Langmuir model is used
to describe the adsorption of MB and Cr(ur) by assuming that
the monolayer adsorption occurs on a homogenous surface
without any interaction between the adsorbed ions.** Two key
parameters, Qy,, related to the monolayer adsorption capacity
and K, being the Langmuir constant, were determined based
on a nonlinear form of Langmuir isotherm equation as*

_ QmKL Ce

= Zmobe 3
L LK.C.’ (3)

qe
where g. (mg g~ ") is the amount of adsorbed MB or Cr(m) per
unit of mass of the adsorbent, whereas C. (mg L") is the
concentration of MB or Cr(m) remaining in the solution.

The Freundlich model is utilised to estimate the adsorption
of MB and Cr(m) by considering the multilayer adsorption,
which occurs on a heterogeneous surface and contains
a adsorbate-adsorbent interaction.* Two main parameters, K
(L g ') and n, corresponding, respectively, to the Freundlich
constant and heterogeneity of the adsorption surface, were
estimated by using a nonlinear form of the Freundlich isotherm
equation given as*®

de = Kg Cel/n‘ (4)

Unlike the Langmuir and Freundlich models, the Temkin
model proposes that the adsorption heat of all the molecules in
the layers should linearly decrease with the coverage due to the
adsorbent-adsorbate interactions. In addition, within the
Tempkin model, the adsorption is characterised by a uniform
distribution of the bonding energy up to some maximum values
of the binding energy.** The Temkin isotherm equation is often
expressed in terms of the following nonlinear form*

RT
qe = T ln(KTCe)7 (5)
T
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r —O=Cr(111) (20 mg/L)
[ =O=MB (100mg/L)
80 N
g 5
P oF N\
E | Blian
= S \
< O \ o)
[ X
20p % L )
0'.“.l.‘--A.AAAA.-A-A.AAAA‘
0.0 0.1 0.2 0.3 0.4 0.5

Concentration of KCI (mol.L™)

Fig.4 Effects of KClconcentration or ionic strength on the adsorption
of MB and Cr(n) onto pomelo fruit peel (shaking speed = 240 rpm,
adsorption time = 150 min, error bar = SD, n = 3).
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Fig. 5 UV-Vis spectra of MB before and after the adsorption at
different times (a) and effects of time on the adsorption of MB and
Cr(i) onto pomelo fruit peel (b) (shaking speed = 240 rpm, pH = 10 of
MB and pH = 5 of Cr(m), error bar = SD, n = 3).

where Ky (L mol ™) is the binding constant at the equilibrium,
which relates to the maximum binding energy, whereas by (k]
mol ') is associated with the adsorption heat. R (8.314 x 10°
k] K~' mol™") and T'(K) in eqn (5) are the universal gas constant
and temperature, respectively.

In addition, to determine the physical/chemical nature of the
adsorption, the Dubinin-Radushkevich model was also used.
The isotherm equation of the Dubinin-Radushkevich model is
given as**

e = 4dm 6(7'&2)’ (6)

where 8 (mol® J7%) and ¢ = RTIn(1 + 1/C,) (J mol™") are the
Dubinin-Radushkevich isotherm constant and Polanyi poten-
tial (J mol "), respectively. The mean adsorption energy E (kJ
mol '), a parameter which is used to determine whether the
adsorption is physical or chemical, can be then calculated from
the following equation

E=—. (7)
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Fig. 6 Effects of initial concentration on the adsorption of MB onto
pomelo fruit peels.

For instance, if E is smaller than 8 k] mol ', the adsorption is
physical. If E is in the range of 8-16 k] mol ", the adsorption is
ion-exchange, whereas the adsorption is chemical if E is higher
than 16 kJ mol *.*

2.5.2 Three-parameter models. In addition to the two-
parameter models, different three-parameter models have also
been widely considered for the description of adsorption isotherms.
Among them, the Sips model, which is a combination of the
Langmuir and Freundlich models, was selected. This model was
proposed to describe the heterogeneous adsorption systems and to
overcome the limitation on the increase of adsorbate concentration
within the Freundlich model. This model has the form as*

_ QZSC'&:ﬁS
e = 1 + o, CPs

: (8)

where ag (L mg™') and S are, respectively, the Sips isotherm
constant and exponent, whereas Qs is the Sips constant. The
Sips model reduces to the Freundlich isotherm when the
adsorbate concentration is low, whereas it becomes the Lang-
muir isotherm in the region of high concentration.
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Fig. 7 Effects of initial concentration on the adsorption of Cr(i) onto
pomelo fruit peels.
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Fig. 8 Plots of nonlinear isotherm models of the adsorption of MB
onto pomelo fruit peels at 303 K (a), 313 K (b) and 323 K (c).

2.6. Data analysis

In order to identify the best fitted model for the adsorption
process, the values of the chi-square (x*), root mean square
error (RMSE) and coefficient of determination (R*) of the
nonlinear optimisation methods are calculated by using the
following equations

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Plots of nonlinear isotherm models of the adsorption of Cr(in)
onto pomelo fruit peels at 303 K (a), 313 K (b) and 323 K (c).
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Table 1 Nonlinear isotherm parameters
Parameters
MB Cr (1)
Isotherm models Temperature 303 K 313 K 323 K 303 K 313 K 323 K
Langmuir Ky, 0.01168 0.00833 0.00693 0.0700 0.0725 0.0792
gm (mgg™) 218.5 213.9 207.4 11.3 11.4 12.4
RMSE 7.464 7.336 6.950 0.3238 0.4088 0.2851
R? 0.9838 0.9821 0.9822 0.9749 0.9616 0.9837
XZ 39.71 47.78 45.72 0.3754 0.3493 0.2759
Freundlich n 1.78 1.71 1.68 1.58 1.58 1.59
Ky 7.51 5.65 4.69 1.03 1.06 1.23
RMSE 14.76 14.41 13.33 0.3655 0.3789 0.3482
R* 0.9366 0.9309 0.9345 0.9680 0.9670 0.9757
XZ 203.9 209.8 187.3 0.7751 0.5716 0.6704
Sips Qs 0.42 0.23 0.18 0.83 1.04 1.03
og 0.0025 0.0015 0.0012 0.06704 0.02045 0.07574
Bs 1.581 1.594 1.583 0.9455 0.6874 0.9475
RMSE 2.515 1.176 1.974 0.3226 0.3778 0.2834
R* 0.9982 0.9995 0.9986 0.9751 0.9672 0.9839
xz 0.8380 0.8374 2.083 0.4154 0.5210 0.3077
Temkin Kr (L mgfl) 0.2901 0.2077 0.1820 1.149 1.23 1.15
br (K] molfl) 0.07675 0.08225 0.08981 0.8818 1.019 1.0603
RMSE 20.00 19.20 18.74 0.3342 0.4619 0.3608
R? 0.8835 0.8774 0.8704 0.9732 0.9509 0.9739
Xz 1206 1271 1283 0.2185 0.3298 0.2530
Dubinin-Radushkevich Qp-r (mol g™ 146.9 137.5 130.6 5.757 5.78 6.37
B 104.9 172.2 226.9 2.201 1.856 1.704
E(L molfl) 0.06905 0.05389 0.04694 0.4766 0.5190 0.5418
RMSE 11.28 9.899 9.927 0.7383 0.8732 0.8362
R? 0.9630 0.9674 0.9636 0.8694 0.8246 0.8600
Xz 44.28 37.28 39.39 1.347 1.856 1.950

and

n

2 :sz

n=1 e calc

The smallest values of RMSE and x? indicate which model is

best fitted to the experimental data.

(11)

3. Results and discussion
3.1. Factors affecting the adsorption of MB and Cr(um)

3.1.1. pH. pH is one of the essential factors affecting the
adsorption of adsorbates onto the surface of materials based on the
electrostatic interaction. When pH of a solution is smaller than its
PHpzc value (pH < pHp,c), the adsorption sites will be positively
charged, which is thus available for the uptake of anions. By

Table 2 Comparison the monolayer maximum adsorption capacity with other materials

Biosorbents Adsorbents pH Qmax (Mg g ) Ref.
Meranti sawdust Cr(u) 6.0 37.9 50
Banana peel Cr(m) — 6.9 31

Corn cob Cr(u) — 18.8 31
Sunflower Cr(m) — 12.2 31

Banana peel MB 7.2 20.8 69

Orange peel MB 7.2 18.6 69

Rice husk MB 8.0 40.6

White pine (Pinus durangensis) sawdust MB 10.0 102.0 3
Breadfruit (Artocarpus altilis) peel MB 5.8 183.0 70
Breadfruit (Artocarpus altilis) core MB 5.8 200.0 70
Artocarpus odoratissimus skin MB 4.6 184.6 71

Dragon fruit skin MB 4.7 640.0 72
Breadnut peel MB 6.0 409.0 73

Pomelo fruit peel Cr(m) 5.0 11.3 This study
Pomelo fruit peel MB 10.0 218.5 This study

25852 | RSC Adv., 2019, 9, 25847-25860
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contrast, the adsorption sites will be negatively charged if pH is
higher than its pHp,c value and consequently the adsorption of
cations is favourable. In this work, the pHp, value of pomelo fruit
peels is determined to be approximately 4.5 (Fig. 2).

Fig. 3a shows that the absorbance intensity of MB after the
adsorption versus the wavelength decreases dramatically with
the pH values from 2 to 3. It slightly falls when pH increases 4 to
9 and reaches maximum at pH = 10 (see the black line in
Fig. 3b). At the same time, the uptake of Cr(m) onto pomelo fruit
peel rises dramatically with the pH values from 2 to 4 and then
attains the maximum value at pH = 5.0, before falling mini-
mally at the end of the experiment (see the red line in Fig. 3b).
These results show that the changes in the pH values signifi-
cantly affect the adsorption of MB and Cr(u) because of the
transition of the surface charge from the positive to negative
regions that facilitates the adsorption of cation.

3.1.2. Ion strength. Fig. 4 shows the influence of the ionic
strength on the uptake of MB and Cr(in) onto pomelo fruit peel.
In this figure, the percentage of MB being removed from the
solution significantly drops from roughly 90% to about 20%
with the slight increase of KCI concentration or ionic strength
from 0.0 to 0.1 mol L™, Increasing the ionic strength further
does no change much the percentage of removal of MB. For the
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Fig.10 Plots of kinetic models of the adsorption of MB (a) and Cr (i) (b)
onto pomelo fruit peel.
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removal percentage of Cr(m), one can clearly see a slight fall
from approximately 70% to about 40% with increasing the ionic
strength. Obviously, the presence of electrolytes leads to the
above reduction of the adsorption of MB and Cr(1) onto pomelo
fruit peel. One explanation is that there is a screening effect
(known as the electrostatic screening) existed between the
positively charged surface of pomelo fruit peel and MB mole-
cules or Cr(m) ions. This finding is consistent with the those
reported by Salazar-Rabago et al. and Tran et al.>** Moreover,
these data might suggest that the electrostatic force plays an
instrumental role in the adsorption mechanism considered in
the present study.

3.1.3. Adsorption time. Fig. 5a depicts the spectra of MB
after the adsorption at different times. It can be seen that there
is a downward trend in the intensity of absorbance after the
adsorption without any shifts of the wavelength, indicating
clearly that the adsorption is unique. The influence of time on
the uptake of MB and Cr(m) onto pomelo fruit peel is presented
in Fig. 5b, in which the adsorption increases with increasing the
adsorption time and reaches an equilibrium after about
120 min for both MB and Cr(m). The percentage of removal at
which the adsorption reaches the equilibrium are roughly 90%
and 60% for MB and Cr(m), respectively.
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Fig. 11 Plots of intra-particle diffusion models of the adsorption of
Cr(in) (a) and MB (b) onto pomelo fruit peel.
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Table 3 Kinetic parameters Table 4 Thermodynamic parameters
Parameters AG AH
Adsorbate T K¢ (kg mol™")  (Kmol™") AS(Jmol?)
MB Cr(m)
MB 303 11 683 —23.54 —21.29 7.41
Co (mg L") 100 50 313 8330  —23.61
323 6932 —23.69
Kinetics models Ge(exp) (Mg &) 20.82 6.76 Cr(m) 303 69998  —28.08 4.98 109.13
313 72537 —29.17
Pseudo-first-order kinetic Ge(car) (Mg gl 19.90 6.44 323 79168 —30.27
k (min™) 0.2323  0.1465
RMSE 1.137 0.4185
R 0.6183  0.7605
x* 0.8768  0.4160 ) ) )
Pseudo-second-order kinetic  gegcary (mg g~ ) 20.68 6.75 Cr(m) and MB are 11.29 mg g~ and 218.5 mg g, respectively.
k (gmg "min~")  0.02210 0.0391 By comparing with other studies shown in Table 2, it is obvious
RMSE 0.4931  0.2140  that although pomelo fruit peel is better at removing MB from
R2 0.9282 0.9374 aqueous solution than most of the biosorbents, it is not
X 0.1669  0.1100 .
Elovich kinetic o 16 409 111.1 favourable for the removal of Cr(i) in the effluents.
8 0.6944 1.517 Furthermore, the free energy values of the adsorption of
RMSE 0.3340  0.2112 MB and Cr(u1) estimated from the Dubinin-Radushkevich are
Rz 0.9671  0.9390 less than 8 k] mol ", demonstrating that the uptake of MB
. o X 0.07164  0.0974 4 Cr(m) onto pomelo fruit peel should follow the physical
Intra-particle diffusion Kp 0.3765 0.1716 o
C 15.95 45531  Processes.
RMSE 0.7313 0.3722
R 0.8422  0.8105
2 0.3589 0.3139 3.3. Kinetic studies

3.1.4. Adsorbate initial concentration. In Fig. 6 and 7, we
plot the influence of initial concentration on the adsorption of
MB and Cr(m) onto pomelo fruit peel. Several noteworthy results
are seen, namely the adsorption capacity increases with
increasing the initial MB and Cr(u) concentrations at different
temperatures. These results can be explained by the fact that the
number of adsorption sites is higher (smaller) than that of the
adsorbate molecules at low (high) concentrations, leading to the
increase of the adsorption capacity.>® Notably, the numbers
show a steady decrease in the MB adsorption capacity, which is
inversely proportional to the increase of temperature from 303
K to 323 K, whereas there is a reverse trend for the adsorption of
Cr(m).

3.2. Isotherm studies

Plots of the nonlinear isotherm models for the biosorption of
MB and Cr(ur) onto pomelo fruit peels are shown in Fig. 8 and 9,
whereas the calculated isotherm parameters are listed in Table
1. Based on the obtained RMSE and x* values given in Table 1,
one can easily recognize that among four isothermal models,
the Sips model gives the best fit to experimental data because it
is a three-parameter model, which combines the Langmuir and
Freundlich isotherms and works well in all the region of
adsorbate concentrations.** In addition, the n values deter-
mined from the Freundlich model are in the range of 1 to 10,
confirming that the surface of this material is indeed hetero-
geneous.>***** Besides, the monolayer maximum adsorption
capacities calculated from the Langmuir models at 303 K for

25854 | RSC Adv., 2019, 9, 25847-25860

Fig. 10 and 11 show the plots of pseudo-first-order, pseudo-
second-order, Elovich and intra-particle diffusion kinetic
models, which are used to describe the adsorption rates of Cr(ur)
and MB onto pomelo fruit peels. The kinetic parameters of
these models are listed in Table 3.

Equation of the pseudo-first-order equation is given as*

= g1 — e, (12)
whereas that of the pseudo-second-order equation reads™
2
qe kzl
= = 13
qt 11 kaget (13)

Here g. (mg g ') and g, (mg g~ ) are, respectively, the amount of
solute adsorbed per unit weight of adsorbent at equilibrium

Fig. 12 SEM images of pomelo fruit peel.
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Fig. 13 EDX spectrum of pomelo fruit peel before (a) and after (b) the
adsorption of Cr(in).

and the amount of solute adsorbed at any time, whereas k; and
k, are the adsorption constants.

The Elovich model assumes that the adsorption sites
increase exponentially with adsorption and this model is mainly
applicable for the chemo-adsorption kinetics. It has the form
aSS4

Transmittance [%]

Pomelo fruit peel (PFP)
——PFP - MB

94
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber [cm"]

Fig. 14 FT-IR spectra of pomelo fruit peels before and after the
adsorption MB.
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Fig. 15 FT-IR spectra of pomelo fruit peels before and after the
adsorption Cr(i).

¢ = % In(1 + «f1). (14)

where 8 (mg g ") and « (mg g ' min") are the desorption
constant during any one experiment and the rate constants,
respectively.

Results listed in Table 3 indicate that among the three
models above, the Elovich model gives the best agreement with
the experimental data at different initial concentration as it
produces the highest R* and lowest x” values. Moreover, one can
also see from Table 3 that the pseudo-second-order equation is
in a better agreement with the experimental data than the
pseudo-first-order one and the ge(cai) values obtained within this
model are very close to the experimental data for both MB and
Cr(ur).

However, the diffusion mechanisms cannot be identified via
the pseudo-first-order and pseudo-second-order models; hence,
Weber and Morris®> have developed the intraparticle-diffusion
model, whose equation is given as

¢ = kgt + C, (15)
where C characterises the effects caused by the boundary layer and
kq is the diffusion constant. The results of the present study
demonstrate that the uptakes of Cr(m) and MB onto the pomelo fruit
peel surface are likely to occur via three stages. In the first stage [blue
lines in Fig. 11a and b], there is a bulk diffusion process within
about 40 min at which Cr(m) and MB have a quick transfer from the
solution to the boundary film of the particles. Next, there is
a gradual adsorption occurring during the time interval from 40 to
120 min in the second stage (red lines in Fig. 11a and b). This stage
is known as the sole rate-determining step. Moreover, one can also
easily see that within this second stage the g, plot does not cross the
origin and the presence of the boundary layer effect is characterised
by the nonzero value of C. These results indicate that the adsorption
follows not only the intraparticle diffusion but also two or more
different mechanisms of the diffusion.* In the last stage (violet lines
in Fig. 11a and b), the equilibrium is reached because of two factors,

RSC Adv., 2019, 9, 25847-25860 | 25855
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Fig. 16 Possible adsorption mechanisms of MB (pH = 10 > pHpzc): electrostatic attraction (a), hydrogen bonding (b), and n—m interactions (c).

namely the extremely low concentration of Cr(m) and MB in the
solution and the decrease in the number of adsorption sites.”**”

3.4. Thermodynamics

The thermodynamic parameters such as the Gibbs free energy
(AG) and the enthalpy (AH) and entropy (AS) differences are
computed by using the MB or Cr(m) adsorption data at
temperatures of 303 K, 313 K, and 323 K. These parameters
follow the Gibbs isotherm as®®

AG = AH — TAS. (16)

The quantity AG, which is a function of temperature, can be
calculated from the following van't Hoff equation®®

where T (K) is the absolute temperature and K¢ (L mol ') is the
equilibrium constant. Meanwhile, the values of AH and AS can
be determined from the intercept and slope of the plots of In(K.)
versus 1/T, that is*®

AS AH
InKe= —— —

R RT’ (18)

Table 4 presents the values of thermodynamic parameters
obtained within the present study for MB and Cr(u). It should
be noted that the negative values of AG indicate a spontaneous
process taking place between MB or Cr(m) and pomelo fruit
peel, that is, the increase in the negative value of the Gibbs free
energy with temperature is associated with a much more stable
and energetically favourable adsorption of MB and Cr (i) at high
temperatures. In addition, the values of the adsorption heat AH

AG = —RT In K, (17)
B Cr3t ]
]
(a)! (b
<:)® o} OH O
.0 O o) O o._
. OH SH OH . ~
0 o) 0 o)
OH COOCH; OH COOCH;

Fig. 17 Possible adsorption mechanisms of Cr(i) (pH = 5 > pHpzc): electrostatic attraction (a), and n—d interactions (b).
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Fig. 18 Ab initio simulation of the interaction between MB and pomelo fruit peel.

obtained within the present study are —21.29 kJ mol ' and
4.98 k] mol™* for MB and Cr(m), respectively, which are both
less than 40 k] mol . We are therefore able to conclude that the
adsorptions of MB or Cr(m) onto pomelo fruit peel are essen-
tially following the physical adsorption processes.

3.5. SEM-EDX analysis

The morphology of pomelo fruit peel is investigated by using the
ultra high-resolution scanning electron microscopy (SEM). The
SEM image presented in Fig. 12 suggests that this adsorbent has
a rugged surface and some cavities in its structure that are
favourable for the uptake of MB and heavy metal ions. In addition,
the elemental composition of pomelo fruit peel before the uptake
of Cr(m) and MB is examined by using the energy-dispersive X-ray
spectroscopy (EDX) and the results are depicted in Fig. 13a. The
figure reveals that the main composition of the material includes C
and O with 43.73 wt% and 56.27 wt%, respectively. Moreover, the
appearance of the main characteristic peaks of Cr at 0.573, 5.415
and 5.947 keV in the EDX spectrum of pomelo fruit peel after the
Cr(m) adsorption (Fig. 13b) indicates that Cr(u) ions have been
successfully absorbed by pomelo fruit peel. Similar studies have
also been reported.>**

This journal is © The Royal Society of Chemistry 2019

3.6. FT-IR analysis

The black curves in Fig. 14 and 15 present the FT-IR spectrum of
pomelo fruit peel. This spectrum exhibits a specific band at
3425 cm ™', which is related to the stretching vibration of ~-O-H
groups (alcohols, phenols, and carboxylic acids) as in pectin,
cellulose and lignin on the surface of the biosorbent.®* The
spectrum peaks at around 2924 and 2855 cm™ ' can be assigned
to the stretching vibrations of C-H, whereas the peak observed
at 1653 cm~ ' can be attributed to the stretching vibration of
C=0 bond.**** The band at 1110 cm™" confirms the stretching
vibration of C-O in the lignin structure of grapefruit peel.®
Furthermore, the FT-IR spectra of pomelo fruit peel after the
adsorption of MB and Cr(i) are plotted in Fig. 14 (black curve)
and Fig. 15 (read curve). In Fig. 14, in comparison with the
results obtained for pomelo fruit peel, that is, without MB, the
intensity of all the specific peaks of pomelo fruit peel, which
characterise the —-O-H groups, C=0 and -C-O bonds, is
increased. These results indicate that the adsorption of MB onto
pomelo fruit peel occurs via the above-named functional
groups. Similarly, the change in the intensity of these specific
peaks after the adsorption of Cr(m), depicted by the red curve in

RSC Adv., 2019, 9, 25847-25860 | 25857
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Fig. 19 Ab initio simulation of the interaction between Cr(i) and pomelo fruit peel.

Fig. 15, demonstrates the interaction between Cr(u) and
pomelo fruit peel surface.

3.7. Proposal of the possible adsorption mechanisms

The possible mechanisms of cationic MB adsorption onto
pomelo fruit peel are as follows: (1) electrostatic attraction, (2)
hydrogen bonding and (3) n-m interactions;* whereas those of
Cr(m) uptake onto this material are: (1) electrostatic attraction
and (2) n- interactions.

The electrostatic attraction mechanisms can be explained
based on the interaction between cationic MB and Cr(m) and
negatively charged sites on the surface of pomelo fruit peel
when pHgoution > PHpzc. Obviously, the pH values of solution

25858 | RSC Adv., 2019, 9, 25847-25860

used in the present work, which are approximately 5.0 for Cr(m)
and roughly 10 for MB, are higher than the pHp,¢ values, thus,
the carboxylic groups are deprotonated and negatively charged
carboxylate ligands (-COO™) binding the charged MB and Cr(u)
molecules as shown in Fig. 16a and 17a. These results are
related to the studies of Tran et al.** and Salazar-Rabago et al.?

In addition, the hydrogen bonding interactions, which can be
formed between the surface hydrogens of the hydroxyl groups (H-
donors) on the pomelo fruit peel's surface and the nitrogen atoms
(H-acceptors) of MB. This phenomenon is also known as the
dipole-dipole hydrogen bonding (Fig. 16b). It can be seen from the
FT-IR spectrum of the MB adsorbed sample (blue curve in Fig. 14)
that the intensity of the -OH groups at around 3400 cm™*

This journal is © The Royal Society of Chemistry 2019
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dramatically decreases and shifts toward the minimally higher
wavenumbers, confirming the existence of the dipole-dipole
bonding interaction.” The n-m or n-d interactions are formed
between the electron donor atoms including pairs of electrons,
such as oxygen or nitrogen, and acceptors that are aromatic rings
or free d orbitals in metal ions. In this study, oxygen in the
carbonyl groups on the surface of the adsorbent acts as an electron
donor and the aromatic rings of MB and free d orbitals of Cr(u) act
as electron acceptors (Fig. 16c and 17b).

In order to understand deeply which interactions are domi-
nant in the present experiment, a computer simulation within
the ab initio calculations has been carried out. Within the
optimization, the interactions between MB and pectin, the
primary recipe of pomelo fruit peel, are calculated using the
Gaussian suite of program® with the B3LYP functional® and
the 6-31g* and LANL2dz (for Cr) basis sets.®**® After structural
optimisations, the obtained vibrational infrared results indicate
that MB mainly interacts with pectin through the weak elec-
trostatic forces and hydrogen bonding. This results in a slight
shift of the vibrational modes and their corresponding change
in the IR intensity (Fig. 18b). Moreover, it can be confirmed
through the quantum mechanical calculations that there exist
no n-m interactions between MB and pectin. Such modelling
results are in good accordance with the FT-IR spectra of this
material after the adsorption of MB shown in Fig. 14. We should
be therefore able to state again that the interacting mechanism
here is mainly constituted by the electrostatic force and weak
hydrogen bonding.

For the case of Cr(m) interacting with pectin, besides the
weak electrostatic interaction, Cr(m) tends to exhibit a bonding
distance of 2.097 A to oxygen on the -C=0 group. This results
in a shift of 20 cm ™" for the -C=0 vibration from 1781 cm "
(Fig. 19b), as confirmed by our previous experimental data
(from 1655 cm™ " to 1633 cm ™', as shown in Fig. 15). Therefore,
we predict that the adsorption of Cr(m) is produced as a result of
both electrostatics and n-d mechanism.

4. Conclusions

In the present study, the phenomenon and biosorption mech-
anisms of MB and Cr(u1) onto pomelo fruit peel are investigated.
It has been found that pH plays an important role in removing
MB and Cr(m) from aqueous solution. Moreover, based on the
kinetic studies, we have demonstrated that the adsorption of
MB and Cr(m) onto pomelo fruit peel has occurred in three
distinguished stages, namely the bulk diffusion process, the
gradual adsorption and the adsorption equilibrium. By
combining the experimental data with the ab inito calculations,
we have indicated, for the first time, that the uptake of MB can
be occurred due to two adsorption mechanisms: electrostatic
attraction and hydrogen bonding, whereas the biosorption of
Cr(m) can be happened via the electrostatic attraction and n-
d interaction mechanisms. This is the most important result of
the present study. Finally, the maximum monolayer adsorption
capacity of MB is found to be 218.5 mg g~ ' at 303 K, which is
higher than other popular biosorbents. This result

This journal is © The Royal Society of Chemistry 2019
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demonstrates that pomelo fruit peel shall be a low-cost, envi-
ronmentally friendly material for the removal of MB from
effluents.
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